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To be a viable alternative, a biofuel should provide a net energy gain and be capable of being produced in 
large quantities without reducing food supplies. Amounts of agricultural waste are produced and require 
treatment, with rice straw contributing the greatest source of such potential bio-fuel in Taiwan. Through 
life-cycle accounting, several energy indicators and four potential gasification technologies (PGT) were 
evaluated. The input energy steps for the energy life cycle assessment (ELCA) include collection, genera¬ 
tor, torrefaction, crushing, briquetting, transportation, energy production, condensation, air pollution 
control and distribution of biofuels to the point of end use. Every PGT has a positive energy benefit. 
The input of energy required for the transportation and pre-treatment are major steps in the ELCA. 
On-site briquetting of refused-derived fuel (RDF) provides an alternative means of reducing transporta¬ 
tion energy requirements. Bio-energy sources, such as waste rice straw, provide an ideal material for the 
bio-fuel plant. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

A renewable biofuel or bio-energy economy is projected as a 
pathway toward reduced reliance on fossil fuels, a reduction in 
greenhouse gas (GHG) emissions, and the enhancement of rural 
economies. Determining whether or not alternative fuels provide 
benefits over the fossil fuels they displace, requires a thorough 
accounting of direct and indirect inputs and outputs involved in 
the full production and use life cycles of these fuels. To be consid¬ 
ered a viable substitute for fossil fuels, an alternative fuel should 
display environmental benefits superior to those of the fossil fuel 
it displaces. It must be economically competitive and be capable 
of being produced in sufficient quantities to meet energy demands. 
It should also exhibit a net energy gain over the energy sources 
used to produce it. Biomass waste is now being regarded as a valu¬ 
able renewable resource and energy source. Wood, crops and agri¬ 
cultural and forestry residues provide some of the main renewable 
energy resources presently available (Bridgwater, 2006). Biomass 
fuels are most commonly used for central heating of homes and 
larger facilities. Wood and its byproducts can also be converted 
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into biofuels such as syngas, methane, methanol or ethanol fuels 
(Pu et al„ 2008). 

“First-generation biofuels” are biofuels made from sugar (sugar 
cane, sugar beet, or sweet sorghum), starch (corn or wheat), vege¬ 
table oil (oil palm, soybean, algae, jatropha, sunflower seeds) 
(Hung et al„ 2010; Pambudi et al„ 2010), or animal fats using con¬ 
ventional technology. The feedstocks now utilized for the produc¬ 
tion of first generation biofuels traditionally went into the animal 
or human food chain. However, as the global population rise, using 
food to produce biofuels is being criticized for fear this will lead to 
food shortages and price increases. “Second-generation biofuels” 
however, can help to solve the problems associated with 1st gen¬ 
eration biofuels, supplying a larger amount of fuel sustainably, 
affordably and with greater environmental benefits. Second- 
generation biofuels can increase the amount of biofuel that can 
be produced sustainably using biomass made up of the residual 
non-food parts of crop. This includes stems, leaves and husks left 
behind after the food crop has been harvested, as well as other 
crops not used for food purposes (e.g. switch grass and jatropha) 
and industrial waste such as wood chips, skins and pulp from fruit 
pressing, etc. 

Life cycle assessment (LCA) examines the environmental as¬ 
pects and potential impacts throughout a product’s life, from 
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acquirement of the raw material through production, use and dis¬ 
posal (ISO 14040,1997). LCA is a cradle-to-grave analysis of the en¬ 
ergy and environmental impacts of making a product. Energy life 
cycle analysis (ELCA) provides a tool to quantify the total energy 
used from varied sources and the overall energy efficiency of pro¬ 
cesses. Direct (petroleum products, electricity) and indirect (used 
for production of materials and equipment) energy consumption 
is evaluated in the fuel life cycle. Energy balance involves account¬ 
ing for the amount of energy used in production of a fuel source 
and comparing this to the amount of energy contained in the 
resulting biofuel (Pradhan et al„ 2008). The result obtained from 
the energy balance analysis (EBA) can be expressed as the net en¬ 
ergy ratio (NER), which is defined as the total energy produced by 
the system divided by the total energy consumed by the system 
(Spath and Mann, 2000; Pradhan et al., 2008). There are several 
ways the NER can be derived. The final result can be arbitrarily dif¬ 
ferent depending on how the NER was defined. Also, the ratio of 
energy produced to energy consumed by an energy production 
technology, known as the energy return on investment (EROI), is 
an important indicator of the potential benefits to society. EROI 
is a productivity index. It is defined as the ratio of gross energy pro¬ 
duced by an energy supply process to the total, direct plus indirect, 
energy cost of production (Cleveland et al., 1984). NER can be de¬ 
rived trivially from gross production data if the EROI of the partic¬ 
ular process is known. 

Rice straw is one of the 2nd generation biofuels available in 
Taiwan; it is a valuable biomass waste not only because it consists 
of the residues from the end use of biomass products but also be¬ 
cause it can be planted extensively. In Taiwan, the annual average 
rice production is 1.6 million tonnes (Shie et al., 2010a-c). For 
every tonne of grain harvested, 1.35 tonnes of rice straw remain 
in the field (Kadam et al., 2000). Therefore 2.2 million tonnes of 
rice straw are generated every year. Furthermore, according to 
the database from the Food and Agriculture Organization of the 
United Nations, worldwide rice production is about 600 mil¬ 
lion tonnes year -1 (Food and United Nations, 2007), meaning 
810 million tonnes of rice straw can be generated. The rice straw 
is difficult for burning in most existing combustion systems. Its 


Table 1 

Characteristics of original rice straw used in this study. 


Planting area of rice in I-Lan, Taiwan (2007) 
(FAOSTAT, 2007), ha. 

Waste of rice straw in I-Lan, Taiwan (2007), tonne 


Heating value, MJ/kg (dry basis) 

Proximate analysis 3 (Huang et al., 2008), wt.% 
(wet basis) 


Thermogravimetrical analysis(TGA), wt.% 


Elemental analysis' 1 , wt.% 


Heavy metal analysis, ppmw 
Si 1704 

Ca 772 

Mg 406 

P 325 


Fe 258 

Na 131 

Al 85 


Moisture 


Volatiles 

Fixed carbon 

Hemicellulose 

Cellulose 

Lignin 

C 

H 

N 

S 

O (balance) 

Zn 15 

Sr 11 

Cu 10 

Ba 7 

Cr 4 

Ni 3 

Pb 0.6 

Cd 0.2 


9375 

5.63 x 10 4 
70 

17.14 

8.25 

12.26 

66.24 

13.21 

30-35 

4-19 

45.41 

6.28 

0.99 

0.21 

47.11 

Co 0.1 
Hg ND C 
Ag ND 
Se ND 
As ND 
B ND 
Mo ND 


3 Explosion of 10 days under sunshine. 
b Dry basis with free ash. 
c Not detected. 


common treatment is on-site burning for producing manure. How¬ 
ever, the open burning is harmful to the air quality and environ¬ 
ment, including the C0 2 emission problem (Putiin et al., 2004). In 
this study, we analyze each step in the life-cycle processing (LCP) 
of the biofuel industry, including collection, pre-treatment facili¬ 
ties, transportation, energy production facilities, air pollution con¬ 
trol and distribution systems. Several energy indicators are 
evaluated, including overall thermal efficiency (iy E ). EROI, NER, 
net energy balance (NEB), total energy ratio (TER) and the ratio 
of input energy used in every assessed step in the life-cycle process 
(R). This is done through life-cycle accounting, energy production 
from four kinds of production facilities involved in LCP (the 
radio-frequency plasma system (LCPRFPS), microwave-induced 
system (LCPRFPS), downdraft gasifier system (LCPDGS) and the 
plasma torch system (LCPPTS)). There exists no standard protocol 
for determining the net energy of 2nd generation biofuels, and so 
the results of such 2nd generation biofuel analyses are inconsistent 
and often difficult to interpret (Gately, 2007). There is a significant 
need for consistent metrics to compare the desirability of different 
technologies. The objectives of this article are to propose indicators 
from different thermal treatment technologies by ELCA concerning 
the energy analysis of the 2nd generation biofuels derived from 


2. Methods 

2.J. Raw materials 

The characteristics of original rice straw as used in this study 
are listed in Table 1. The planting area of rice in I-Lan, Taiwan 
was 9375 hectares (ha.) in 2007 and 5.63 x 10 5 tonnes year -1 of 
wet and fresh rice straw remained at the farms following the rice 
harvest (6 tonnes/ha.) (Shie et al., 2010a-c). The moisture content 
of the wet and fresh raw rice straw at the farms was 70 wt.% and 
this value can be decreased to 8.25 wt.% after 10 days’ exposure 
to sunshine. It must be noted that the wet basis of biomass of rice 
straw will waste considerable energy which transfers to the atmo¬ 
sphere as water is evaporated from the wet and fresh rice straw. 
After the drying, crushing and briquetting of rice straw collected 
from farms for pre-treatment, four kinds of thermal production 
facilities were used to produce biofuels with high heat value. 

2.2. Life-cycle processing and scenario conditions 

The ELCA includes energy inputs of (1) rice straw collection, (2) 
transportation, (3) drying, (4) crushing, (5) briquetting, (6) energy 
production, (7) condensation and air pollution control and (8) dis¬ 
tribution of biofuels to the point of end use. Both on-farm and off- 
farm labor, as well as the energy used in collecting agricultural 
equipment and constructing buildings, were included within the 
system boundary. Fig. 1 shows the conceptual model used in this 
study for LCA of the reuse of rice straw as bio-energy. The pre¬ 
treatment process for the ELCA of rice straw is divided into on-site 
and off-site conditions. In the on-site situation, three pieces of pre¬ 
treatment equipments simulated in series, were used. These in¬ 
cluded a dryer, portable crusher (PC) and pelletizer, each operated 
near the rice farm with electricity supplied by generators. Four 
alternative energy production processes, radio-frequency plasma 
systems (RFPS), microwave-induced systems (MWS), downdraft 
gasifier systems (DGS) and plasma torch systems (PTS), were as¬ 
sessed. The condensation and air pollution control devices in¬ 
cluded a cooling tower (CT), electrostatic precipitator (EP) and 
wet scrubber (WS). Detailed descriptions of these production sys¬ 
tems can be found in the reference literature (Shie et al., 2001, 
2002, 2004a,b, 2010a-c; Huang et al., 2008; Tu et al., 2008, 
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b. Torrefaction (Dryer) 
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b. Microwave-induced system, MWS 

c. Downdraft gasifier system, DGS 

d. Plasma torch system, PTS 










a. Electrostatic precipitator 
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Fig. 1. The conceptual model of life cycle assessment of reuse of rice straw as bio¬ 
energy in this study. 


2009). The scenario condition for the biomass energy plant, for this 
example, is assumed to be located in I-Lan county of Taiwan. 
According to the amount of annual waste rice straw created in I- 
Lan County, the plant capacity for treating dry rice straw is as¬ 
sumed to be 80,000 tonnes year -1 . Operating hours are generally 
assumed to be 8000 h year -1 (You et al., 2008). Transportation dis¬ 
tance is considered within a circle 50 km in diameter, including all 
the area of I-Lan County, Taiwan and 20 tonne diesel truck is used. 


2.3. Energy analysis indicators 

Net energy analysis (NEA) of a system accounts for all energy 
input and salable energy products; this includes the energy invest¬ 
ment required to build the system. In other words, a complete NEA 
is not simply an input and output energy balance. The question 


Table 2 

Material and building energy requirements for constructing production facilities in 
the life-cycle process of rice straw for bio-energy. 


Material Input 
mass, tonne energy, MJ/ 


Concrete (2 MJ/kg) a 1.96 x 104 

Structural carbon steel 1.0 x 10 3 

(25 MJ/kg) a 

Building siding carbon steel 3.0 x 10 2 
(25 MJ/kg) a 

Stainless steel gases storage 2.87 x 10 3 
tanks (26.5 MJ/kg) a 
Stainless steel piping 91 

(26.5 MJ/kg) a 

Other stainless steel equipment (26.5 MJ/kgf 


Dryer 

PC 


50 

17.67 


1.96 

1.25 

3.75 
1.09 : 
1.21 


1.33 

4.68 

1.27 

1.87 

2.76 

6.89 

3.45 

1.15 

1.81 


10 6 

10 6 

10 5 

10 5 

10 5 


10 5 

10 4 

10 4 

10 4 

10 4 

10 3 

10 4 

10 4 

10 4 


Input energy, 
MJ/tonne-year 


24.50 

15.63 


1.51 


0.59 

0.16 


0.43 

0.14 

0.23 


a Number in parentheses is the energy requirement per kilogram of material (Hill 
et al., 2006). 

b Air pollution control equipments (APEs), including cooling tower (CT), elec¬ 
trostatic precipitator (EP) and wet scrubber (WS). 


now arises as to just how much net energy a system can deliver 
to market. Many specialists perceive energy units to be specifically 
defined and unlike monetary units are not a function of such 
variables as time, markets, living standards and public policies. 
Net energy analyses (NEAs) are more scientific, precise, and indic¬ 
ative of the real value and energy-producing capabilities of a sys¬ 
tem (Klass, 1998). Several energy indicators were used in this 
study. The EROI ratio of the energy is delivered considering the- 
energy used directly and indirectly in the process. EROI is defined 
as below: 

EROI = Ep/Ex, non-renewable (1) 

where E P , sum of energy contents of products, E x , non-renewable, 
sum of energy values of external energy inputs except feedstock.Net 
energy production ratio (NER) indicates how much energy is pro¬ 
duced as salable products in relation to the external, non-feed, 
and energy input. NER is derived as shown below: 

NER = (Ep - Ex)/E x (2) 

The overall thermal efficiency (t/ E ) for the production of useful en¬ 
ergy products is defined as: 

% = 100x[£p/(Ep + E x )] (3) 

The net energy balance (NEB) and total energy ratio (TER) are de¬ 
fined as: 

NEB=(Ep-E x )/£p (4) 

TER = E x /£p (5) 

Ratio (R) is the ratio of the input energy of every assessed step in the 
life-cycle process to total external input energy and is defined as: 

R = Exeas/Ex (6) 

where Exeas. non-renewable, with every assessed step in the life-cy¬ 
cle process of external energy input values considered, except 
feedstock. 

3. Results and discussion 

3.1. Energy use in converting biomass to biofuels 

NEA of a system is an accounting index of all the energy inputs 
and salable energy products. Input energy includes the energy con¬ 
tained in transportation fuels, energy requirements of buildings 
and materials, thermal production facilities, condensation and air 
pollution control devices, storage tanks and distribution fuels. 
We have estimated the energy use in the LCA process of converting 
rice straw to biofuels, including the energy used in the transporta¬ 
tion of waste to production facilities. Also considered are building 
materials, and operating biofuel production facilities, and workers 
for sustaining the production facility and their households, which 
included production facilities about all direct and indirect energy 
inputs (see Tables 3-5). Energy required for the transportation of 
rice straw with RDF on-site is evaluated according to the required 
diesel fuel used in vehicles at a value of about 815.77 MJ/tonne- 
year. Energy for generator fuels used for RDF on-site is about 
772.61 MJ/tonne-year. Table 2 discusses the material and building 
energy requirements for constructing production facilities in the 
LCP. The energy consumption involved in of producing concrete, 
carbon steel and stainless steel are assumed to be 2, 25, 26.5 MJ/ 
kg, respectively (Hill et al., 2006). Table 3 shows the energy 
requirements of household labor. Table 4 lists the energy require¬ 
ments for the production facilities in the LCP. For the convenience 
required for feeding rice straw into the thermal reactor, crushing 
and briquetting are needed in the production of refuse-derived fuel 
(RDF). From Table 2, it is evident the energy consumption of dryers 
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Table 3 

Energy of household labor using in the production facilities in the life-cycle process of 
rice straw for bio-energy. 


Types of Labor Labor 

production per household 

facilities day 3 members per 

RFPS 63 b 95 

MWS 24 c 33 

DGS 39 d 57 

PTS 24' 33 


Energy Energy 

requirement requirement per 
per day (MJ/ year h (MJ/year) 

day) 8 

0.99 343.49 

0.34 119.32 

0.60 206.09 

0.34 119.32 


3 Every labor works eight hours per day and three people for 24 h (one day). 
b RFPS needs 63 laborers (=21 laborers x 24 h/8 h). 
c MWS needs 24 laborers (=8 laborers x 24 h/8 h). 
d DGS needs 39 laborers (=13 laborers x 24 h/8 h). 

' PTS needs 24 laborers (=8 laborers x 24 h/8 h). 

f Supervision and maintenance household is 59% of the sum of operating labor 
(Hill et al., 2006) and labor household members per day is labor per day x 1.59. 

g One 35-year-old people needs 2500 calories (10.45 kj) per day according to the 
information of'Dietary Reference Intakes’ (http://food.doh.gov.tw/DRIS/DRls.php). 
H One plant works 334 days per year. 


Table 4 

Energy requirements for production facilities in the life-cycle process of rice straw for 
bio-energy. 


Table 5 

Energy of gaseous products derived from production facilities in the life-cycle process 
of rice straw for bio-energy. 


Types of 

production 

facilities 

Gaseous 

products 

Yield per 

(tonne/ 

year) 

Heating 

(kJ/ l ) 

Energy 
production 
per tonne 
(MJ/tonne) 

production 
per year 3 
(TJ/year) 

RFPS 

CO 

5.21 x 10 4 

282.99 

6.58 x 10 3 

527 


h 2 

3.56 x 10 3 

285.84 

6.37 x 10 3 

509 


ch 4 

7.32 x 10 2 

890.95 

5.09 x 10 2 

40.8 




Sub¬ 

1.35 x 10 4 

1080 




total 

(1.08 x 10 4 ) b 

(861 ) b 

MWS 

CO 

9.44 x 10 3 

282.99 

1.19 x 10 3 

95.4 


h 2 

2.88 x 10 3 

285.84 

5.15 x 10 3 

412 


ch 4 

4.00 x 10 3 

890.95 

2.78 x 10 2 

223 




Sub¬ 

9.12 x 10 3 

730 




total 

(7.30 x 10 3 ) b 

(584) b 

DGS 

CO 


Sub¬ 




h 2 

_ 

total 

1.52 x 10 4 

1213 


ch 4 



(1.22 x 10 4 ) b 

(971 ) b 

PTS 

CO 

6.96 x 10 4 

282.99 

8.79 x 10 3 

703 


h 2 

5.6 x 10 3 

285.84 

1.00 x 10 4 

800 


ch 4 


890.95 

1.11 x 10 3 

89 




Sub¬ 

1.99 x 10 4 

1593 




total 

(1.59 x 10 4 ) b 

(1274) b 


3 Treatment capacity = 80,000 tonne/year. 
b Energy conversion efficiency = 0.8. 


Life-cycle Types of Power 

processing equipments (kW) 


Pre- Dryer 300 

treatment PC 126 

Pelletizer 110 
Sub- 

Production RFPS 118.26 

MWS 36.87 

DGS 91.4 

PTS 120.12 

Condensation CT 80 

Air pollution EP 160 

control, WS 80 

APC Sub- 


Energy Energy 

requirement per requirement per 
tonne (MJ/tonne) year 3 (TJ/ year) 
108 8.64 

18.14 1.45 

39.6 3.17 

165.74 13.26 

42.57 3.41 

13.27 1.06 

32.90 2.63 

43.24 3.46 

28.8 2.30 

57.6 4.61 

28.8 2.30 


3 Treatment capacity = 80,000 tonne/year. 


used for torrefaction purposes is far larger than that of others. In 
general, the main goal of drying is to decrease the moisture content 

of solid materials below a certain limit. Drying is part of several 
industrial processes, for example, in the food, chemical, paper 
and pulp industries. The main objectives of drying are extended 
storage life, quality enhancement, and ease of handling and further 
processing (Sokhansanj and Jayas, 1995). 


3.2. Energy yield from gaseous products 

The output production of biofuel includes the biofuels them¬ 
selves and any simultaneously generated co-products. For the pur¬ 
poses of energy accounting, we assigned the biofuels themselves 
an energy content equal to their available energy upon combus¬ 
tion. Co-products, such as active carbon, carbon black or residue 
are typically not combusted directly; as they can be recovered as 
solid wastes, we did not assign them an energy content rating. Ta¬ 
ble 5 lists energy in the form of gaseous products from the facilities 
in the LCP. 

The energy output of biofuel production includes the combusti¬ 
ble energy of biofuels themselves and a factor of 0.8 as energy effi¬ 
ciency is accounted for. The energy production is in the order of 


PTS > DGS > RFPS > MVS. However, for production of electricity, en¬ 
ergy efficiency depends on the generating engine, such as —0.35 for 
a steam thermodynamic cycle and —0.52 for a combined cycle 
(Tendler et al., 2005). Therefore, this can be further designed and 
assessed using the different power process described in the next 
steps. 


3.3. Net energy balance in life-cycle processing 

Table 6 lists the total energy requirement (input) and produc¬ 
tion (output) of the four assessed energy production facilities in 
the LCP. The total input energy (energy consumption) for the four 
assessed systems is in the range of 1.80 x 10 3 -1.77 x 10 3 MJ/ 
tonne-year and the average value is 1.79 x 10 3 MJ/tonne-year. 
Considering the output energy of biofuels, the combined energy 
of the gaseous products is in the range of 7.30 x 10 3 - 
1.59 x 10 4 MJ/tonne-year for the four assessed systems and the 
average value is 1.15 x 10 4 * * MJ/tonne-year. Despite our use of 
expansive system boundaries for energy inputs, the analyses of this 
study shows that the production of biofuel from rice straw has a 
positive NEB (i.e., biofuel energy content exceeds fossil fuel energy 
inputs) (Fig. 2; also seen in Table 6). The average of the total input 
energy is about 15.49% of the average output energy (Fig. 2) and 
the value of the NEB is 0.85. From Table 6, transportation and 
the pre-treatment steps are seen as the major components in the 
total input energy with the percentages about 45.65% and 43.23% 
of the total input energy, respectively. It is obvious that the energy 
requirements of the transportation and pre-treatment stages con¬ 
stitute the major sources of energy consumption in the LCP. The 
assumption of the transportation distance as a circle area about 
50 km in diameter is a very broad boundary for energy accounting. 
In actuality, in Taiwan’s I-Lan County, the transportation distance 
from the rice farm to the biofuel plant is less than 50 km. In the 
next step, it is interesting to assess different collection areas or 
transportation distance to decrease the energy requirement of 
transportation. Using solar energy in the natural drying process 
prior to on-site briquetting for RDF provides an alternative choice 
for the energy recovery of rice straw. This in turn will assist in 
reducing transportation energy requirements. 
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Table 6 

Energy requirement (input) and production (output) of the four assessed energy production systems in the life-cycle process of rice straw for bio-energy ab 


Types of Transportation Pre-treatment Building Labor household Production CT and Total input Total output energy of 

Production (on-site) materials members thermal facility APC energy gaseous products 

facilities 


LCPRFPS C 815.77 772.61 

LCPMWS d 815.77 772.61 

LCPDGS' 815.77 772.61 

LCPPTS f 815.77 772.61 

Average * * * * * * 8 * * 815.77 772.61 

Ratio 11 , % 45.65 43.23 


50.88 4.29 x 10 3 42.57 

50.63 1.49 x 1CT 3 13.29 

50.97 2.58 x 1CT 3 32.9 

50.68 1.49 x 1CT 3 43 

50.79 2.46 x 10 3 32.94 

2.84 ~0 1.84 


115.11 1.80 x 10 3 1.08 x 10 4 

115.11 1.77 xlO 3 7.30 xlO 3 

115.11 1.79 x 10 3 1.21 x 10 4 

115.11 1.80 xlO 3 1.59x10“ 

115.2 1.79 x 10 3 1.15 x 10“ 

6.44 100 0.155* 


a Unit: MJ/tonne-year. 

b Energy of raw rice straw = 1.71 x 10 4 MJ/tonne-year. 

c LCPRFPS: Life-cycle process of RFPS. 

d LCPMWS: Life-cycle process of MWS. 

' LCPDGS: Life-cycle process of RFPS. 

f LCPPTS: Life-cycle process of PTS. 

8 Average value of the four assessed life-cycle processing facilities. 

h Ratio (R) = input energy of every assessed step in the life-cycle process/total input energy. 

1 Total energy ratio (TER) = total input energy/total output energy of gaseous products. 


3.4. Energy indicators 

We determine the energy indicators of ELCA by subtracting the 
bio-energy of all fossil energy inputs (used in producing bio-en- 
ergy) from the energy value of the biofuels. Similarly, we calculate 
the EROI, NER and ij E by Eqs. (l)-(3) according to these output and 
input energies. Fig. 3 shows energy indicators of ELCA for the four 
assessed energy production systems. All EROI values of the four as¬ 
sessed systems are larger than 1 and the values for those of NER of 
LCPDGS and LCPPTS are greater than 1. Comparison with other sys¬ 
tems, LCPPTS has the highest values of r\ E of 84.07%, NER of 8.86 
and EROI of 7.86. 

This is reasonable because LCPPTS produces gaseous products of 
the highest heating value. The value of rj E indicates how much use¬ 
ful energy is produced over and above the energy consumed by the 
system, and this value is considered to be the energy content of 
biomass feedstock. According to the first law of thermodynamics, 


E P cannot exceed E P and E x . When r/ E is expressed as a percentage, 
the value must be between 0% and 100%. When considering losses 
due to inefficiency, such as friction, heat loss, thermal efficiency 
values are typically much less than 100%. EROI here is defined by 
the ratio of gaining useful energy. Every energy input is taken into 
the process and converted to produce energy in one or more forms 
(Mulder and Hagens, 2008). The higher the EROI, the more renew¬ 
able the biofuel is (Pradhan et al., 2008). EROI has been used to 
investigate nuclear energy (Kidd, 2004), ethanol (Pimentel, 2003; 
Farrell et al., 2006; Hammerschlag, 2006), other biofuels (Giampie- 
tro, 1997), wood energy (Gingerich and Hendrickson, 1993), and 
other alternative energies (Berglund and Borjesson, 2006; Chui 
et al„ 2006). It has also been used to survey the energy efficiency 
of numerous fossil fuels (Cleveland, 2005). Roberts et al. (2010) 
used LCA to estimate the energy and climate change impacts and 
the economics of biochar systems. The feedstocks analyzed repre¬ 
sent agricultural residues (com stover), yard waste, and switch- 
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Fig. 3. Energy indicators for the four assessed energy production systems in the life-cycle process of rice straw for bio-energy (a) t/ E and (b) EROI and NER. 


grass energy crops. The net energy of the system is greatest with 
switchgrass (4899 MJ/tonne dry feedstock). Cherubini et al. 
(2009) reported the energy balances of some representative bio¬ 
energy pathways and other renewable and fossil energy systems 
with indices and indicators of system energy performance. Cheru¬ 
bini et al. (2009) also explains that determination of energy bal¬ 
ance and GHG emissions from bio-energy is complex, and 
different combinations of feedstocks, conversion routes, fuels, 
end-use applications and methodological assumptions lead to a 
wide range of results. The main technical aspects emerging can 
be summarized as follows: (1) bioenergy chains which have wastes 
and residues as raw materials show the best LCA performances, 
since they avoid both the high impacts of dedicated crop produc¬ 


tion, and the emissions from waste management; (2) high biomass 
conversion efficiency to energy products is fundamental for maxi¬ 
mizing GHG emission savings. Many second-generation biofuels 
coming from biomass wastes and residues are at a pre-commercial 
stage, but could enter the market within 10-15 years if corre¬ 
sponding investments (R&D, infrastructure) and policy incentives 
and regulations are achieved. On the one side the raw material sit¬ 
uation is optimum: widespread, relatively cheap and easily avail¬ 
able; on the other side, their use could allow the co-production 
of valuable biofuels, chemical compounds as well as electricity 
and heat, leading to the development of biorefineries (Kamm 
et al., 2006). The ratio of NER indicates how much useful energy 
is produced over and above the energy consumed by the system 
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if the external, non-biomass energy consumed is replaced, and 
assuming that the biomass feedstock energy content is zero. This 
is a reasonable assumption because essentially 100% of the energy 
content of biomass is obtained from solar radiation via photosyn¬ 
thesis. In calculation, the system greater than zero indicates that 
an amount of energy equivalent to the sum of the external, non¬ 
biomass energy inputs and an additional energy accession of useful 
fuels are produced, and the larger the ratio, the larger the accession 
(Klass, 1998). 

4. Conclusion 

Three energy indicators are proposed for evaluating energy pro¬ 
duction from four kinds of PGT through ELCA and taking rice straw 
as the target material. The input energy steps for the ELCA include 
collection, generator, torrefaction, crushing, briquetting, transpor¬ 
tation, energy production, condensation, air pollution control and 
distribution of biofuels to the end use. The energy input required 
in the transportation and pre-treatment stages is the greatest com¬ 
ponent of energy use. Every PGT has positive energy benefits and 
LCPPTS has the highest values in terms of energy indicators. Bri¬ 
quetting on-site provides an alternative choice to reduce the use 
of transportation energy. 
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